We examine the reasons for the poor quantitative agreement between the structures predicted from the minimum energy conÐguration of Ðrst principles calculations and those deduced from surface X-ray di †raction experiments for the structure properties of the surface. In order to conÐne all numerical approximations very large scale TiO 2 (110) all-electron Ðrst principles calculations are used. We Ðnd a very soft, anisotropic and anharmonic surface rigid-unit vibrational mode which involves displacements of the surface ions of approximately 0.15 for thermal vibrations corresponding to room Ó temperature. It is concluded that in order to perform an accurate comparison between theory and experiment for this and perhaps other oxide surfaces it will be necessary to take account of such anisotropic vibrations in models used to interpret experimental data. In addition the contribution of the vibrational entropy to the surface free energy is likely to be signiÐcant and must be taken into account when computing surface energies and structures.
Introduction
Titanium dioxide is an interesting and industrially important material which has been (TiO 2 ) studied extensively in recent years. This interest is, in part, due to the existing applications of TiO 2 as a white pigment and as a catalyst support1,2 but also due to the many new applications currently under investigation. Recent examples include self cleaning paint coatings,3 catalytically active paving stones,4 solar cells5 and water disinfection. 6 is also of interest as a model TiO 2 transition metal oxide. It is readily reduced in the bulk and at the surfaces resulting in the occupation of Ti d orbitals which had a profound e †ect on the physical and electronic structure.7h9 However, the bulk structure of is simple relative to many oxides and thus a variety TiO 2 of empirical and Ðrst principles theories can readily be used to compute its physical and chemical properties. It is therefore an excellent model system displaying many of the properties of more complex oxides which can be studied relatively easily using a variety of experimental and theoretical techniques.
Many of the important and useful properties of depend on the physical and electronic TiO 2 structure of its surfaces. The structure of the most stable (110) surface has attracted enormous interest in recent years. Experimental studies have included low energy electron di †raction (LEED),10 scanning tunneling microscopy (STM),11h13,7 surface X-ray di †raction (SXRD)14 and ion scattering. 15 There have also been a large number of Ðrst principles theoretical studies.16h20 Early contributions included a periodic HartreeÈFock study16 within a linear contribution of atomic orbitals (LCAO) formalism and a density functional theory study (DET) which used a full potential linear augmented plane wave (FP-LAPW) method. 17 In each case the model systems studied were rather small and the surfaces only partially relaxed. More recently plane-wave (PW) pseudopotential calculations have been used based on both the local density (LDA) and generalised gradient (GGA) approximations to DFT.18h20 These calculations included extensive relaxations of the surface structure and were based on larger structural models. Despite these extensive e †orts the agreement between computed and measured structures is semi-quantitative at best. The extensive experience of calculations on bulk oxides which has been built up in recent years leads one to expect that DFT and HF calculations will reproduce experimental bond lengths to somewhat better than 0.1 At the (110) surface the inward relaxation of the bridging oxygen ion Ó. determined by SXRD is [0.27 while most calculations Ðnd a relaxation of less than [0.1 Ó Ó . The current article is concerned with a detailed examination of this discrepancy.
Transition metal oxides represent a signiÐcant challenge to Ðrst principles calculations. The localised nature of the oxygen 2p and in particular the titanium 3d states makes the PW pseudopotential method particularly demanding. The expansion of localised orbitals in plane waves requires large kinetic energy cut-o †s to converge the total energy. In addition the separation of the sp and d electron eigenvalues in the periodic system is dependent on the choice of the atomic reference state from which the pseudopotential is constructed. Great care must be taken to understand the e †ect of these approximations on computed material properties. Recently, Hamann21 had discussed in detail calculations for bulk and concluded that computed geometries and TiO 2 energies varied signiÐcantly with the choice of the local component in the pseudopotential.
With these difficulties in mind we have chosen to use two complementary all electron techniques to study the (110) surface. Firstly the FP-LAPW method22 employs a basis set conTiO 2 sisting of plane waves which, (inside atom-centered, non-overlapping spheres) are matched continuously in value and slope to an expansion in terms of spherical harmonics (here up to and numerical solutions of the radial Schro dinger equation. This basis set has l max wf \ 10) maximum Ñexibility and ensures the high accuracy of the calculations. Secondly, the LCAO method which employs a basis set of atom centred Gaussian functions for which a hierarchy of basis sets approaching complete convergence has recently been developed and tested for TiO 2 surfaces.24,25 By conÐning all numerical approximations we provide deÐnitive DFT-GGA results for this surface. Using the energy surface obtained we are able to examine the comparison of theory and experiment and thus resolve this long standing problem.
The next section contains details of the computational methods used, the results are then presented and discussed and our conclusions are summarised in the Ðnal section.
Methodology
In this section we give details of the structural model used to describe the (110) surface and of the FP-LAPW and LCAO methods used to perform our calculations.
Structural model
The (110) surface is modelled as a slab periodic in [001] and directions but Ðnite in the [1 6 10] [110] direction (as shown in Fig. 1 ). As essential requirement for quantitative studies is that computed properties are fully converged with respect to the thickness of the slab. A systematic series of tests in which the structures of slabs of varying thickness were fully relaxed revealed that for a slab containing 21 atomic layers (i.e., 7 layers) the surface energy was converged OÈTi 2 O 2 ÈO to better than 0.1 J m~2 (6 eV and geometric displacements to better than 0.02 Ó~2) Ó.23h25
FP-LAPW
In the FP-LAPW calculations a supercell periodic in 3 dimensions was used in which the slab geometry described above was repeated in the [110] direction with slabs separated by a large vacuum region of 9 to ensure that there were no signiÐcant interactions between the slabs. The Ó size of this structural model is signiÐcantly larger than that used in previous studies of surface structures within the FP-LAPW method. These calculations have been made feasible by recent developments and improvements of the method. 26 In order to minimise the number of k-points required to converge the surface energy care was taken to ensure a systematic cancellation of errors between the calculations on the slab and bulk crystal. This is achieved by describing the bulk crystal with a unit cell corresponding as closely as possible to that used to describe the surface and using identical computational parameters in both sets of calculations. A bulk unit cell with six times the volume of the primitive cell was used. With this arrangement we found that a uniform k-point mesh with three points in the irreducible part of the Brillouin zone was adequate. A kinetic energy cut-o † for the plane-wave basis of Ry E max wf \ 22 was used. This is a rather high value for such huge systems. However, because of the large surface relaxations we had to use rather small muffin-tin spheres and there-(R Ti MT \ 0.90 Ó, R O MT \ 0.80 Ó) fore a large value for was mandatory to ensure good numerical accuracy. The electron E max wf density and potential are expanded in lattice harmonics up to inside the spheres, and the l max pot \ 6 wavefunctions are expanded in angular momenta up to
The electron density and potenl max wf \ 10. tial in the interstitial region are expanded in plane waves up to 144 Ry. The core states are treated fully relativistically. The Ti 3s, 3p and O 2s, which are represented by local orbitals, as well as the valence states (Ti 3d, 4s, O 2p) are treated scalar-relativistically.
The relaxations of all atoms in the slab were considered, and the surface structure was determined by relaxing the entire system to equilibrium. All the atoms were relaxed according to the force directions and total energy minimization until all atom forces for a geometry fall below a certain limit. The process of the structure optimization has been described in ref. 27.
LCAO
The LCAO calculations were performed with the CRYSTAL program.28 In contrast to the FP-LAPW calculations the slab geometry was modelled as periodic in two dimensions and Ðnite in the third removing the need to deÐne a vacuum gap.
The main approximation in the LCAO formalism is the choice of the local basis set used to expand the Bloch orbitals of the crystal. The basis set is made up of atom centered Gaussian functions with s, p or d symmetry. A systematic hierachy of basis sets was developed in a recent study of the (100) surface.24 In this study it was shown that sets employing two basis funcTiO 2 tions to describe the valence electrons (so called, double valenceÈDV) can predict surface ionic relaxations to an accuracy of 0.02 compared to the basis set limit. Tests for the (110) surface Ó conÐrm these conclusions and so in the current study a DV basis set has been used the details of which are given elsewhere. 24, 25, 29 The total energy of the bulk crystal and surface were explicitly converged with respect to k-point sampling. A PackÈMonkhorst mesh28,30 of order 4 which yields 10 k-points in the irreducible Brillouin zone of a (110) slab and 36 in that of the bulk crystal were used. This procedure of converging the bulk and slab energies explicitly with respect to k-space sampling removes the reliance on a systematic cancellation of errors when computing surface properties.
CRYSTAL computes matrix elements of the Coulomb, exchange and correlation matrix elements by direct summation over the inÐnite periodic lattice. Very efficient computational schemes for truncating the lattice summations have been developed. 31 The accuracy of the summation is based on overlap criteria for the atomic orbitals. Details of the control of these criteria have been described elsewhere.32h34,24 In the current study the criteria were chosen to achieve an accuracy in the relative energies of the surface and bulk structures of the order of 1 meV per cell. 35 The surface relaxations were performed using an adapted conjugate gradient minimisation algorithm36 to a tolerance of 0.01 in atomic positions and 10~5 eV in the total energy. Ó
The Exchange-correlation functional
The main results of this article have been computed using the GGA functionals recently introduced by Perdew, Burke and Ernzerhof (PBE). 37 In addition a number of alternative treatments of the electron exchange and correlation interactions have been used in order to establish the sensitivity of key results. Within the LCAO formalism HartreeÈFock (i.e., non-local exchange with no treatment of correlation) and LDA calculations were also performed.38,39,25 Within the FP-LAPW formalism the GGA functional proposed by Perdew and Wang (PWGGA)40 was also used. We Ðnd that the structural properties of the bulk crystal and the surface are very insensitive to the choice of functional. The PBE and PWGGA approaches agree to well within the numerical tolerances and di †erences between HF, LDA and GGA are conÐned to less than 0.02 in any Ó surface or bulk displacement. 25 It is likely that di †erences between previous calculations which have been assigned to di †ering treatments of exchange and correlation are in fact due to incomplete convergence of the calculations.16h20
Results and discussion
The atomistic structure of the (110) surface is depicted in Fig. 1 in which labels are assigned TiO 2 to the atoms in the surface region. The relaxations of the top few layers computed here and in a number of recent studies are compared to those deduced from surface X-ray di †raction experiments in Table 1 .
At Ðrst sight the most notable feature of this data is that the agreement between theory and experiment is poor. This is particularly true for the position of the bridging oxygen ion for (O (3) ) which the computed relaxation is never more than [0.16 while the experiment Ðnds [0.27 Ó Ó . On closer examination it is the discepancy between the various theoretical approaches which gives most cause for concern. This is especially true for the current study in which, as stated above, great care has been taken to control the e †ects of all numerical tolerances on two di †erent allelectron approaches. Nevertheless the relaxation of the bridging oxygen ion is computed to be [0.02 or [0. 16 and the relaxation of the six-fold coordinated Ti-ion directly "" beneath ÏÏ it Ó to be 0.23 or 0.08 in the LCAO and FP-LAPW methods, respectively. These variations (Ti (1) ) Ó are signiÐcantly larger than the numerical errors that one would expect. It is however evident that the TiÈO separation in the [110] direction is more consistent (this is reported in the Ðnal row of Table 1 ). In the current study this is 1.04 and 1.03 in the FP-LAPW and LCAO calculations, Ó Ó Table 1 The displacements (in from bulk terminated positions) of the ions at the (110) respectively, while 0.89^0.13 is deduced from the SXRD experiment and ion scattering mea-Ó surements.15 This observation leads one to the hypothesis that the energy surface with respect to vertical displacement of the bridging oxygen is rather Ñat and that the displacement involves a cooperative motion of the surface ions which, at the least, involves the six-fold coordinated surface Ti-ion (Ti (1) ). In order to explore this possibility a number of relaxations have been performed in which the position of the bridging oxygen ion has been constrained but the surrounding surface ions fully relaxed. For reasons of efficiency these calculations were performed on a relatively small system containing 9 atomic layers. The minimum energy structure of this system is somewhat displaced from that of larger systems but it displays all of the features necessary to examine the qualitative structure of the energy surface. The resultant energy surfaces computed within both the FP-LAPW and LCAO formalisms are displayed in Fig. 2 . The LCAO calculations on this smaller system were performed with a very large basis set (the TVAEd basis set reported in ref. 24 and 25) . In order to give some feeling for the energy scale a line representing a typical room temperature thermal energy per degree of freedom eV) has been drawn on the Ðgure. The energy (k B T \ 0.025 surface is sufficiently Ñat for thermal vibrations to leave the minimum undetermined to about 0. 15 From this it is clear that the discrepancy between di †erent theoretical approaches is due to the Ó. difficulty in Ðnding an absolute energy minimum in this very Ñat energy surface.
We may associate the Ñat energy surface with a highly anisotropic and anharmonic surface vibrational mode. The nature of the mode is easily seen from an animation of the atomic positions. The displacements explored at thermal energies approximately corresponding to room temperature are displayed in Fig. 3 Fig. 3 ).
An immediate consequence of the rigid unit mode is that the structure of the surface TiO 2 (110) apparent in the experimental probes applied at Ðnite temperature does not correspond to the minimum energy conÐguration computed within a total energy calculation. In order to make such a comparison further treatment of the e †ect of surface vibrational modes on our interpretation of experimental data must be explored. In the case of SXRD and LEED experiments this necessitates the modelling of an anharmonic thermal vibration which is also highly anisotropic. The current practice is to Ðt the di †raction rods within an harmonic and often isotropic DebyeÈWaller model which is inadequate for the current case. A quantitative interpretation of STM images will require a treatment of the tipÈsurface interaction as this is likely to result in signiÐcant distortions of the surface structure. 3 The approximate room temperature thermal motions of the atoms within the soft rigid unit mode of the (110) surface.°The atom labels correspond to those in Fig. 1 . The oxygen atoms comprising the rigid unit are labelled in the lower left panel.
In addition the free energy associated with soft surface modes cannot be neglected. This has been demonstrated in recent Ðrst principles free energy calculations on the Ag(111) surface. In this system the minimum energy structure corresponds to a contraction of the outer layer spacing of [1.0% while the free energy minimum at 1150 K yields an expansion of 6.3%Èa shift in the interlayer spacing of 0. 16 We expect a signiÐcantly larger e †ect at the surface due Ó. 41 TiO 2 (110) to the presence of a soft, anharmonic, surface vibrational mode.
Conclusion
There is poor quantitative agreement between the structures predicted from the minimum energy conÐguration of Ðrst principles calculations and those deduced from X-ray di †raction experiments for the surface. We Ðnd that a very soft and anharmonic surface rigid-unit vibrational Ti0 2 (110) mode involves displacements of the surface ions of approximately 0.15 for thermal vibrations Ó corresponding to room temperature. In order to perform an accurate comparison between theory and experiment for this and perhaps other surfaces it will be necessary to take account of such anisotropic vibrations in models used to interpret experimental data. In addition the contribution of the vibrational entropy to the surface free energy is likely to be signiÐcant and must be taken into account when computing surfaces energies and structures.
